MM cells including rPMI8226, MM.1S, MM.1r, and U266. In this study, we evaluate the efficacy of the novel proteasome inhibitor BU-32 (nSC D750499) using an in vitro MM model. BU-32 exhibits strong cytotoxicity in a panel of MM cell lines-rPMI8226, MM1S, MM1r, and U266. In addition, we demonstrate by proteasome inhibition assay that BU-32 potently inhibits the chymotryptic-and caspase-like activities of the 26S proteasome. We further show from annexin V-FItC binding studies that BU-32, like Bortezomib, induces apoptosis in a panel of MM cell lines but the effect is more pronounced with BU-32-treated cells. Invasion assay with the MM.1S cell line indicates that BU-32 inhibits the invasiveness of myeloma cells. results from our studies using real-time PCr array analyses show that BU-32 effectively downregulates an array of angiogenesis and inflammatory markers. Our results suggest that BU-32 might be a potential chemotherapeutic agent with promising antitumor activity for the treatment of MM.
Introduction
the ubiquitin-proteasome system (UPS) regulates the degradation of the majority of intracellular proteins and is the major pathway by which cells regulate protein homeostasis in eukaryotes [1] . During normal protein homeostasis, specific proteins are targeted for the destruction via the attachment of polyubiquitin [2] . Once tagged, these polyubiquitin proteins are then degraded by the 26S proteasome into recyclable amino acids [3, 4] . Proteasome substrates include misfolded proteins and highly regulated members Abstract Proteasome inhibition is associated with substantial antitumor effects in preclinical models of multiple myeloma (MM) as well as in patients. However, results of recent clinical trials to evaluate the effect of the proteasome inhibitor Bortezomib (Velcade ® , also called PS-341) in MM patients have shown limited activity when used as a single agent. this underscores the need to find new efficacious and less toxic proteasome inhibitors. recently, carfilzomib was approved for the treatment of refractory/ relapsed MM and several new agents have been introduced into the clinic, including marizomib and Mln9708, and trials investigating these second-generation proteasome inhibitors have demonstrated promising results. We have recently synthesized a novel proteasome inhibitor, BU-32, and tested its growth inhibitory effects in different human 1 3 of critical signaling cascades, including proteins involved in growth and cell cycle control, and apoptosis. Proteasome inhibition results in the stabilization and accumulation of these proteins, leading to the activation of antiproliferative signals, cell cycle disruption, activation of apoptotic pathways, and, ultimately, cell death [2, 5, 6] . Since proteasomes play a central goal in the cytoplasmic turnover of the vast majority of proteins, the manipulation of proteasome activity is a key goal in controlling the stability of regulatory proteins [7, 8] .
the 26S proteasome is a multienzyme complex that consists of two 19S regulatory subunits and the 20S multicatalytic core [9] . the 20S proteasome is a chambered, barrelshaped structure containing two heptameric rings made from β subunits. the α rings perform capping and gating functions, while the β subunits (β 1 , β 2 , and β 5 ), which contain the nH 2 -terminal threonines responsible for the different proteasome proteolytic activities, and are referred to as caspase like, trypsin like, and chymotrypsin like, respectively [7, 10, 11] .
Bortezomib is the most studied and best characterized proteasome inhibitor and the first of the class to be approved for clinical use for the treatment of refractory multiple myeloma and mantle cell lymphoma. It is a specific and reversible inhibitor of the chymotryptic activity of the 26S proteasome and has a wide range of molecular effects, including inhibition of nuclear factor-κB (nF-κB), abrogation of tumor growth and survival, induction of apoptosis, upregulation of heat shock proteins, inhibition of Dna damage repair, and induction of er stress [12] . the remarkable sensitivity of myeloma to this drug is not well understood, but there is some in vitro evidence that this may be related to the high level of immunoglobulin production and the activation of unfolded protein response (UPr) [13] . Despite the clinical success of Bortezomib, it has been associated with many shortcomings, including possible off-target toxicities and the development of drug resistance [14] [15] [16] . recently, several new agents have been introduced into the clinic, including carfilzomib, marizomib, and Mln9708, and trials investigating these second-generation proteasome inhibitors have demonstrated promising results [17] . Here, we describe in vitro data that support development of a new proteasome inhibitor BU-32 (Fig. 1a) , a second-generation bivalent analog of Bortezomib (also called PS-341, Fig. 1b ), possessing two boronic acid "war-heads" which is highly effective in killing myeloma cells. In breast cancer cell lines, BU-32 has been shown to selectively inhibit proteasome chymotrypsin-like activity and tumor cell proliferation, upregulate apoptosis, and downregulate nF-κB expression and angiogenic marker genes, and is efficacious in blocking breast tumor growth and bone metastases [18] . Direct comparison with Bortezomib revealed that BU-32 has improved toxicity profile and is better tolerated at higher doses in mice and studies on the national Cancer Institute (nCI's) panel of 60 cell lines indicate it has broad spectrum of activity against various cancer cell lines. In the present study, we report the effects of BU-32 against sensitive MM cell lines and MM cells that are resistant to conventional therapies.
Methods

Cell lines
MM.1S [dexamethasone (Dex)-sensitive], MM.1r (Dexresistant), rPMI-8226, U266 (Il6-dependent) human, and 5tgM1 mouse MM cell lines were originally obtained from the american type tissue Culture Collection (atCC). these cell lines were cultured in rPMI-8226 medium supplemented with 10 % fetal bovine serum (FBS) and antibiotics as described previously [19] .
Cellular proliferation assay
Cellular proliferation was assayed using the Celltiter-glo luminescence-based kit (Promega, Madison, WI, USa) according to the manufacturer's directions [20] . Briefly, different cancer cells were planted in 96-well plates and incubated in rPMI media containing serum (5 %) for 24 h. then, the cells were treated with different concentrations of drug for 48 h. the Celltiter-glo substrate was added to the cells to allow for the production of luminescence signal. luminescence of a minimum of 6 replicates per treatment condition was measured in a Fluoroscan ascent Fl luminometer (thermo labsystems Waltham, Ma, USa). 
20S proteasome assay
Proteasome chymotrypsin-like, caspase-like, and trypsinlike activities were determined using Proteasome-glo™ assay System from Promega (Madison, WI, USa) according to the manufacturer's protocol as previously described [18] . apoptosis assay annexin staining was conducted with the use of a kit, annexin V-FItC apoptosis detection kit, BD Pharmingen (San Jose, Ca, USa). 10 6 cells per t25 flask was split and left to recover for 24 h before exposure to proteasome inhibitor. then, the cells were treated with drugs for 24 h. after incubation, cells were washed with DPBS and resuspended in 100 µl of binding buffer (supplied by the vendor). Cells were stained with annexin V-FItC and propidium iodide according to the manufacturer's protocol before analysis by flow cytometry [21] .
In vitro cell invasion assay the 3-D invasion assay modeling trans-mesothelial invasion was described previously [22, 23] . Briefly, after labeling with Celltracker green ® (Molecular ProbesInvitrogen, Carlsbad, Ca, USa), cells were placed on top of growth-factor-reduced Matrigel™ and coated on 8-µm pore membranes in 24-well invasion chambers (BD Bioscience, San Jose, Ca, USa). the invasion chambers were incubated at 37 °C in 5 % CO 2 for 24 h. Cells that do not invade through the Matrigel, those on the upper surface of the membranes, were mechanically removed with cotton tip applicators. Invaded cells on the bottom of the coated membranes were visualized using a fluorescence microscope with a 20× objective. Images were obtained from four standardized, non-overlapping fields covering approximately 86 % of the membrane. Invaded cells were counted using the Image J software (http://rsbweb.nih.gov/ij/). Invasion assays were performed in duplicates and repeated at least three times. rna expression studies the expressions of a wide array of angiogenic marker genes for different cancer cell lines were examined by real-time quantitative reverse transcription-PCr (rt-PCr) after treatment with drug. total rna were extracted using rneasy plus Mini Kit from Qiagen (Valencia, Ca, USa) according to the manufacturer's protocol. reverse transcription (rt) was carried out using the applied Biosystems kit (Foster City, Ca, USa).
real-time PCr and subsequent analysis were carried out using Smartmix PCr beads (Cepheid, Sunnyvale, Ca, USa) with 0.25× Sybergreen in the Cepheid SmartCycler to detect different genes and the house keeping gene gaPDH. For quantification, the cycle threshold number (C t ) exhibiting the maximum curve growth rate was determined [24] . the relative gene expression of each sample, normalized to that of glyceraldehyde-3-phosphate dehydrogenase (gaPDH), was calculated by the formula:
PCr array analysis for angiogenesis was done using Sa Biosciences kit (Frederick, MD, USa) according to the manufacturer's protocol.
Statistical methods
Statistical analysis was conducted by the Student's t test. Differences between the groups were considered significant when the P value was 0.05 or less.
Results
BU-32 inhibits tumor cell proliferation
MM cell lines (rPMI-8226, MM.1S, MM.1r, and U266) were treated with low doses (1-18 nM) of BU-32 and PS-341 for 48 h followed by assessment for cell viability using Cell-glo assay. a significant decrease in viability of all cell lines was observed in response to treatment with BU-32 ( Fig. 2a-e) . BU-32, therefore, exhibits strong cytotoxicity on the cell lines with half-maximal inhibitory concentrations (IC 50 . the results indicate that the novel bivalent proteasome inhibitor, BU-32, has potent anti-MM cytotoxicity against a panel of both sensitive and resistant MM cell lines rPMI8226, MM1S, MM1r, and U266 (Supp. Fig. 1) . to investigate the effect of exposure time of drug on cell viability, the cells were incubated with BU-32 and PS-341 and cell growth was measured at various time points. the results demonstrate that cell viability decreases with time, an indication that the BU-32 and PS-341 persistently inhibit the growth of MM cells (Supp. Fig. 2 a-e) . Our results further demonstrate that BU-32 is more effective than PS-341 at reducing cell viability in MM cell lines.
BU-32 selectively inhibits proteasome chymotrypsin and caspase-like activity like the parent proteasome inhibitor PS-341, the primary target of BU-32 is the ubiquitin proteasome system. the proteolytic activity of proteasomes is mediated by three active sites: chymotrypsin like, caspase like, and trypsin like [25] . to evaluate the potency and selectivity of BU-32 for the three proteasome active sites, we monitored the rates of fluorogenic peptide substrate hydrolysis by the proteasome in intact cells of a panel of cell lines. Our results showed that BU-32 primarily inhibits chymotrypsin-like activity and, to a lesser degree, the caspase-like activity of the proteasome. Incubation of a panel of MM cell lines (rPMI-8226, MM.1S, MM.1r, and U266,) with BU-32 for 24 h resulted in a dose-dependent inhibition of all three proteasome catalytic activities, with the chymotrypsin-like and caspase-like activities exhibiting the greatest sensitivity for all MM cell lines (table 1). table 1 represents the IC 50 value for chymotrypsin-like, caspase-like and trypsin-like activities of all MM cell lines. the potency of proteasome inhibition of BU-32 is cell line dependent, with chymotrypsinlike activity showing the greatest sensitivity for rPMI8226, MM1S, MM1r, and U266 cell lines (Supp. Figs. 3-7) .
BU-32 induces apoptosis and inhibits the invasion of myeloma cells to gain further insight into the mechanism of the antiproliferative effect of BU-32 in myeloma, we investigated the We have previously demonstrated that exposure to BU-32 induces the upregulation of the proapoptotic markers Bid and Bax, cell-cycle-dependent kinase inhibitors p21 and p27, and the tumor suppressor gene p53, and downregulates nF-κB expression in the breast cancer cell lines MDa-MB-231, MCF7, and SKBr3 [18] . after 24 h of incubation with BU-32, the percentage of apoptotic cells was determined by annexin V/PI staining analyzed by flow cytometry. the induction of apoptosis exhibited by BU-32 is more than to that of Bortezomib (Fig. 3a) . Western blot analysis (Fig. 3b) indicates that p21, p27, and p53 marker gene expression are upregulated in the presence of proteasome inhibitors. these results indicate that BU-32 inhibits MM cell proliferation by inducing apoptosis.
next, we investigated the impact of BU-32 on myeloma cell migration or invasion in MM.1S cells, since this plays a key role in the progression of MM. after labeling with Celltracker green ® , growth-factor-deprived MM.1S cells were pretreated with BU-32 and Bortezomib according to their IC50 value specific to particular cell line. Control and drug-treated MM.1S cells were then plated on a top of growth-factor-reduced Matrigel™, coated on 8-µm pore membranes in 24-well invasion chambers, and exposed for 8 h to serum containing medium in the lower chamber. the migrated cells on the bottom face of the membrane were visualized using a fluorescence microscope. Figure 3c represents the number of invaded cells in control and drug treatment. Our results show that BU-32 inhibits the invasiveness of MM1S cells by 65.16 % compared with control while the corresponding level of inhibition for Bortezomib observed was 37.42 %.
BU-32 downregulates angiogenic and inflammatory marker genes
as shown in breast cancer cells [18] , exposure to BU-32 causes downregulation of an array of angiogenic marker genes in a panel myeloma cell lines. Bone marrow (BM) angiogenesis is emerging as a critical component of MM development and progression, and hence as an attractive therapeutic target for the disease. Complex interactions between myeloma, stroma (SCs), and endothelial cells (eCs) that are mediated by various cytokines with angiogenic properties promote myeloma cell survival and proliferation in the BM microenvironment [26, 27] . as such, agents that block angiogenesis are highly desired in cancer therapy. Suppression of angiogenesis is an important component of the anticancer activity of Bortezomib and is thought to largely occur via inhibition of nF-κB-which induces the expression of many proangiogenic factors, including vascular endothelial growth factor (VegF). We investigated whether exposure to BU-32 affects the expression of VegF, ang1, and IgF-1 genes that are primarily involved in the angiogenic cascade using rPMI8226, MM1S, MM1r, and U266, (Fig. 4) cell lines, and compared the effect with that of Bortezomib. We showed that exposure to BU-32 induced significant downregulation of angiogenic markers in all the cell lines, with BU-32 showing a more pronounced effect compared with Bortezomib. the results also indicate that the extent of downregulation of these genes is cell line dependent.
In addition, exposure to BU-32 induces the downregulation of an array of inflammatory marker genes in MM cells. MM is known to involve a deregulated cytokine network with secretion of inflammatory mediators [28] . Several reports indicate that COX-2 inhibition might result in effective downregulation of pathways that are relevant to MM pathogenesis. a study by Fujita et al. [29] shows that thalidomide strongly inhibits COX-2 expression at the mrna level and suggests that some of the many clinical effects of this drug may be due to inhibition of this pathway. We investigated whether exposure to BU-32 affects the expression of genes involved in the inflammatory pathway, such as COX-2, Il-6, tnF-α in the rPMI8226, MM1S, MM1r, and U266, cell lines, and compared the effect with that of Bortezomib (Fig. 5) . We showed that exposure to BU-32 induces a significant downregulation of these inflammatory markers in all MM cell lines and that the effect was generally more pronounced for BU-32 than Bortezomib.
Discussion
the ubiquitin proteasome pathway represents a promising target for cancer therapy, and preclinical and clinical validation of its significance in cancer therapy have been provided through studies with the first in-class proteasome inhibitor Bortezomib (PS-341, Velcade ® ; Millenium Pharmaceuticals Inc., Cambridge, Ma, USa), a dipeptide boronic acid, that works by reversibly inhibiting the effects of the proteasome and inducing apoptosis in several tumor cell lines and animal models [30] [31] [32] . Our recent study has Fig. 4 exposure of myeloma cells to BU-32 reduces the expression of angiogenesis marker genes. expression levels of VegF, ang1, IgF1 angiogenic genes in rPMI8226, MM1S, MM1r, and U266 myeloma cell lines exposed to proteasome inhibitor, as evaluated by real-time rt-PCr. rt-PCr was done on rna extracted from 24 h drug-treated myeloma cell lines. results are ±SD of three independent determination shown that the novel diboronated analog of Bortezomib, BU-32 (nSC D750499), is a potent and selective inhibitor of the 20S proteasome and that it has potent in vitro antitumor activity against a panel of breast cancer cells as well as in vivo efficacy in mouse xenograft and metastasis models and has an excellent toxicity profile [18] . In the present article, we demonstrate that BU-32 has remarkable in vitro activity in multiple myeloma and provide a rationale for further clinical evaluation in patients.
In this study, we demonstrate for the first time that BU-32 is cytotoxic to various MM cell lines, including those that are resistant to conventional therapy (rPMI 8226, MM1S, MM1r, U266, and 5tgM1). Using Cellglo assay in the presence or absence of drug at various concentrations (1-18 nM), we demonstrate the striking dose-and time-dependent efficacy of BU-32 against these human MM cell lines and compare its activity to that of Bortezomib. Interestingly, consistent with our previous studies on breast cancer [18] , the cytotoxicity of BU-32 against the panel of myeloma cell lines is comparable with that of Bortezomib in spite of the more bulky size of the former and the possibility of steric hindrance at the proteasome binding pockets. While a definitive evidence for the nature of the interactions of BU-32 with the binding pockets of the proteasome awaits further studies, it is obvious from the present data that the remarkable potency of BU-32 observed in these cell lines is the result of significant interactions with the proteasome active site.
We recently reported that BU-32 differentially blocks all three proteasome activities in the MDa-MB-231, MCF-7, and SKBr3 cell lines with the chymotrypsin-like and caspase-like activities being the more predominant than the trypsin-like activity. We, therefore, investigated the active site selectivity profile of BU-32 in a panel of myeloma cell lines. Interestingly, we find that both BU-32 and Bortezomib inhibit all three proteasome activities in rPMI 8226, MM1S, MM1r, and U266, myeloma cell lines, with chymotrypsin-like and caspase-like activities being the most predominant, and the trypsin-like activity being the lowest. Our observations are consistent with the active site selectivity profile reported for Bortezomib [7, 19, [33] [34] [35] [36] [37] [38] and substantiate data from our recent study of BU-32 in breast cancer [18] .
We next examined the effect of BU-32 on apoptosis in a panel of MM cell lines by annexin V-FItC staining and demonstrate that there is an increase in the percentage of apoptotic cells in response to BU-32 compared with Bortezomib. the apoptosis assay results are consistent with our cell proliferation experiments.
It is already reported that BU-32 downregulates the expression of nF-kB [18] . nF-kB regulates the expression of a wide variety of genes implicated in proliferation, angiogenesis, invasion, and metastasis and interruption of this signaling would be expected to inhibit all of these processes [39] . the decreased activity of nF-kB through proteasome inhibition is presumed to play an important role in the invasion of MM.1S cells. the 3-D invasion assay modeling in Boyden chamber with Matrigel-coated polycarbonate membrane demonstrate that BU-32 significantly reduces the invasiveness of MM.1S cells (65.16 %) compared with Bortezomib (37.42 %).
angiogenesis is a hallmark process in the pathology of many diseases, including multiple myeloma. Using realtime PCr array, we analyzed the expression of few important genes (VegF, ang1, IgF-I) related to angiogenesis signal transduction pathways. this gene expression profiling analyzed the number of fold of expression change in BU-32 relative to Bortezomib (Fig. 4) .
Our investigation revealed that both Bortezomib and BU-32 downregulate the expression of VegF, ang1, and IgF-I genes involved in the angiogenic cascade, but the effect of BU-32 is more pronounced. VegF production induces angiogenesis as well as myeloma cell proliferation and migration [40] . VegF is present in the BM microenvironment of patients with MM and associated with the neovascularization at sites of MM cell infiltration [18] . In addition, VegF is produced by MM cells and triggers Il-6 production from BMSCs, thereby augmenting MM cell growth and survival [41, 42] . the direct effect of VegF on tumor cells, coupled with its effects in the BM microenvironment, suggests VegF as a target for novel therapies to improve outcome in MM. ang1 is mandatory for vessel sprouting and remodeling [42] . IgF-I is an angiogenic factor that acts both directly through activation of the relative receptor IgF receptor-I and indirectly through upregulation of VegF gene expression [43] .
We found that treatment with BU-32 in MM cell lines resulted in the reduction in inflammatory enzymes including COX2 as well as the inhibition of proinflammatory cytokines (tnFa and Il6) which are the downstream target genes of nF-kB. the results also indicate that BU-32 is more effective compared with Bortezomib (Fig. 5) . Downregulation of COX2 by the treatment with BU-32 results in the attenuation of the neurotoxic effect of inflammation. In a variety of diseases, prostanoids produced by COX2 have been shown to be responsible for inflammatory processes by inducing vasodilation and perturbing the integrity of vascular barrier [44] . Bortezomib blocks Il-6 production, a key growth factor in myeloma cell proliferation [45] .
toxicity studies have shown that BU-32 has a broad safe dosing range compared with Bortezomib [18] . From the toxicity study, BU-32 showed a promising tolerance profile and therefore can offer a wide range of therapeutic index [18] . the clinical observations revealing that Bortezomib therapy can be associated with toxicity and resistance, coupled with our preclinical findings demonstrating that low doses of BU-32 trigger comparable potency in anti-MM effect in vitro without increased toxicity, suggests the promise of BU-32 treatment strategies.
In summary, we demonstrate from in vitro studies that BU-32 inhibits tumor cell proliferation and proteasome chymotrypsin-like and caspase-like activities. In addition, BU-32 downregulates angiogenic and inflammatory marker genes, induces apoptosis, and inhibits invasion of myeloma cells. Our results suggest that BU-32 might be a potential chemotherapeutic agent with promising antitumor activity for the treatment of MM. Our earlier studies showed that BU-32 is less toxic than Bortezomib [18] . Further work is in progress to fully evaluate the therapeutic potential of BU-32 for myeloma therapy.
